Introduction
The most prevalent form of clinically significant osteopenia involves chronic inflammation of bone or periosseous tissues by gram-negative bacteria, as seen in suppurative otitis media (1) and periodontitis (2, 3) . Severe osteolysis occurring as a sequela of chronic infection reflects enhanced osteoclastic bone resorption, a process driven by host inflammatory responses (4, 5) . Prolonged or excessive release of cytokines such as TNF-α, IL-1, IL-6, and IL-8 is central to the pathogenesis of inflammatory bone and joint destruction. A greater understanding of the molecular and cellular mechanisms by which inflammatory cytokines enhance osteoclastogenesis will provide insight into potential therapeutic and preventative strategies for inflammatory osteopenic disorders.
TNF-α is among the most potent of the osteoclastogenic cytokines produced in inflammation. TNF-α-induced catabolic processes are implicated in the pathogenesis of conditions including rheumatoid arthritis, orthopedic implant loosening, and other forms of chronic inflammatory osteolysis (1) (2) (3) (4) (5) . In fact, TNF-α mediates lipopolysaccharide-stimulated osteoclastogenesis via its p55 receptor, through a mechanism involving activation of NF-κB (6, 7) .
Osteoclasts are bone-resorbing polykaryons derived from macrophage or myeloid-lineage progenitors under the influence of RANKL, a TNF superfamily cell-surface molecule expressed by marrow stromal cells and osteoblasts, and by activated T lymphocytes (8) . Most osteoclastogenic factors, including TNF-α, act via receptors on stromal or osteoblastic cells to enhance RANKL expression (9, 10) . In contrast, several recent studies posit that TNF-α directly stimulates macrophages to differentiate into osteoclasts by a mechanism independent of RANKL (11, 12) . Thus, the issue of the precise target cell(s) for the TNF-α effect and the nature of the role of TNF-α in basal and inflammatory osteoclastogenesis remain controversial.
We have examined the impact of TNF-α on osteoclast ontogeny. We find that TNF-α alone, at any concentration, fails to induce the differentiation of murine osteoclast precursors. Rather, TNF-α dramatically enhances in vitro osteoclastogenesis primed by a level of RANKL that is insufficient to induce osteoclast formation. Most importantly, TNF-α stimulates osteoclastogenesis in circumstances both in vitro and in vivo in which osteoclast precursors, but not RANKL-producing stromal cells, are responsive to the cytokine. Thus, TNF-α targets both marrow stromal cells and osteoclast pre-While TNF-α is pivotal to the pathogenesis of inflammatory osteolysis, the means by which it recruits osteoclasts and promotes bone destruction are unknown. We find that a pure population of murine osteoclast precursors fails to undergo osteoclastogenesis when treated with TNF-α alone. In contrast, the cytokine dramatically stimulates differentiation in macrophages primed by less than one percent of the amount of RANKL (ligand for the receptor activator of NF-κB) required to induce osteoclast formation. Mirroring their synergistic effects on osteoclast differentiation, TNF-α and RANKL markedly potentiate NF-κB and stress-activated protein kinase/c-Jun NH 2 -terminal kinase activity, two signaling pathways essential for osteoclastogenesis. In vivo administration of TNF-α prompts robust osteoclast formation in chimeric animals in which β-galactosidase positive, TNF-responsive macrophages develop within a TNF-nonresponsive stromal environment. Thus, while TNF-α alone does not induce osteoclastogenesis, it does so both in vitro and in vivo by directly targeting macrophages within a stromal environment that expresses permissive levels of RANKL. Given the minuscule amount of RANKL sufficient to synergize with TNF-α to promote osteoclastogenesis, TNF-α appears to be a more convenient target in arresting inflammatory osteolysis.
cursors, but directly impacts the latter only in the presence of permissive levels of RANKL.
Methods
Reagents. Recombinant murine TNF-α, murine M-CSF, murine osteoprotegerin-human Fc chimera (OPG-Fc), and anti-murine RANK polyclonal antibody were procured from R&D Systems Inc. (Minneapolis, Minnesota, USA). Recombinant murine RANKL was prepared as a fusion protein with glutathione S-transferase, as we have previously described (13) , and lack of endotoxin contamination was confirmed by limulus amoebocyte lysate assay (BioWhittaker Inc., Walkersville, Maryland, USA). Microbeads for immunopurification were obtained from Miltenyi Biotec (Auburn, California, USA). Anti-murine CD3, CD11b, and CD106 mAb's were purchased from PharMingen (San Diego, California, USA). Anti-murine c-Fms mAb (AFS98) was prepared by affinity chromatography from a hybridoma culture provided by Shin-Ichi Nishikawa (Kyoto University, Kyoto, Japan) (14) . Except where stated, all miscellaneous reagents were obtained from Sigma Chemical Co. (St. Louis, Missouri, USA).
Mice. Four-to six-week-old male C3H/HeN inbred mice (Harlan Sprague Dawley Inc., Indianapolis, Indiana, USA) were employed, along with the following age-matched male transgenic animals from The Jackson Laboratory: mice deficient in both p55 and p75 TNF receptors (B6,129S-TNFrsfla-TNFrsflb) and their heterozygous littermates; and B6,129S-Gtrosa26 (Rosa) mice expressing a lacZ transgene. Animals were allowed food (Prolab RMH 3000; PMI Nutrition International, St. Louis, Missouri, USA) and water ad libitum, and maintained under conditions of a 12-hour light and dark cycle.
Cell culture. Pure populations of murine myeloid or stromal/osteoblastic cells were isolated from whole bone marrow extracted from femora, tibiae, and humeri by immunopurification with antibodies directed against c-Fms, CD11b, RANK, F4/80, or CD106. Myeloid cells were cultured in α-MEM containing 10% FBS, with stromal/osteoblastic cells receiving an additional 10% donor horse serum. Cells were incubated at 37°C in a humidified atmosphere containing 6% CO 2 and supplemented with fresh media and cytokines daily. Typical mature osteoclast formation was observed between culture days 5 and 9.
Bone marrow transplantation. Age-matched (21 ± 1 day) recipient TNFR-deficient and TNFR-heterozygous animals were subjected to marrow-ablative γ-irradiation generated by a 137 Cs source at a rate of 0.155 Gy/min. Stromal-cell and T-cell depletion of donor Rosa marrow was performed by immunodepletion with anti-CD106 and anti-CD3 antibodies. 4.2 × l0 7 stromal-and T cell-depleted marrow cells were administered to each irradiated recipient by intravenous injection, and engraftment was allowed to proceed for 4 weeks. In vivo T-lymphocyte depletion was performed by intraperitoneal administration of anti-CD4 and anti-CD8 ascites, as delineated elsewhere (15) . Donor marrow repopulation of irradiated hosts and marrow cell phenotypes were assessed by flow cytometry.
Flow cytometry. Cells were labeled with antibodies at the manufacturers' recommended dilutions and conditions. Nonspecific signal was calculated and attenuated by incubation with fluorochrome-conjugated secondary antibody in the absence of primary antibody. Labeled cells were analyzed with a FACSCalibur flow cytometry system (Becton Dickinson Immunocytometry Systems, San Jose, California, USA).
Histochemistry. Tartrate-resistant acid phosphatase (TRAP) activity was identified with a commercially available kit (Sigma Chemical Co.). A quantitative TRAP assay was performed by addition of a colorimetric substrate, 5.5 mM p-nitrophenyl phosphate, in the presence of 10 mM sodium tartrate at pH 4.5. The reaction product was quantified by measuring optical absorbance at 405 nm. β-galactosidase immunohistochemistry was performed with a monoclonal primary antibody (Sigma Chemical Co.) and a VectaStain ABC detection system (Vector Laboratories, Burlingame, California, USA).
RT-PCR. RNA was isolated with the RNeasy Total RNA System (QIAGEN Inc., Valencia, California, USA), digested with deoxyribonuclease to eliminate genomic DNA, and characterized with the Platinum Quantitative RT-PCR Thermoscript System (Life Technologies Inc., Rockville, Maryland, USA). Briefly, 50 pg RNA was reverse transcribed to cDNA using murine gene-specific oligonucleotide primers designed to span exon-intron boundaries: RANKL sense GGTCGGGCAATTCTGAATT and antisense GGGAATTACAAAGTGCACCAG; β-actin sense ATGGATGACGATATCGCTG and antisense ATGAG-GTAGTCTGTCAGGT; GAPDH sense ACTTTGTCAAGCT-CATTTCC and antisense TGCAGCGAACTTTATTGATG; and HPRT sense GTTGGATACAGGCCAGACTTTGTTG and antisense GAGGGTAGGCTGGCCTATAGGCT. Reverse transcription was performed at 60°C for 30 minutes, followed by predenaturation at 95°C for 5 minutes. Touchdown PCR amplification immediately ensued by thermal cycling as follows: ten successive cycles of denaturation at 95°C for 15 seconds, annealing at 65°C for 1 minute, and polymerization at 72°C for 1 minute. During subsequent cycles, the annealing temperature was decreased stepwise by 5°C every five cycles. After 25 rounds of amplification, reaction products were fractionated electrophoretically in 2% agarose.
Stress-activated protein kinase/c-Jun NH 2 -terminal kinase activity assay. Cells were treated with 1 ng/ml RANKL and 500 pg/ml TNF-α for 12 minutes and triturated into hypotonic lysis solution. Substrate pulldown of stress-activated protein kinase/c-Jun NH 2 -terminal kinase (SAPK/JNK) and in vitro kinase assays were performed using a kit from Cell Signaling Technology (Beverly, Massachusetts, USA). Samples were fractionated by SDS-PAGE, with subsequent Western analysis according to the manufacturer's established protocol.
Electrophoretic mobility shift assay. Cells were treated with 10 ng/ml RANKL and/or 1 ng/ml TNF-α for 15 minutes. Nuclei were isolated by standard methodology, and protein content was quantitated by BCA Protein Assay (Pierce Chemical Co., Rockford, Illinois, USA). Nuclear extracts were incubated with a radiolabeled oligonucleotide probe derived from the κB3 site of the TNF-α promoter. Samples were fractionated by PAGE through a 4-20% gradient (Novex, San Diego, California, USA) and visualized radiographically.
Results
TNF-α, like most osteoclastogenic agents, exerts its effect via receptors on stromal or osteoblastic cells. Hence, determining if the cytokine also directly promotes the differentiation of osteoclast precursors requires a system in which these cells exist in an environment devoid of stromal/osteoblastic contamination. To this end, a myeloid/macrophage cell population was isolated by immunoselection immediately following marrow evacuation from long bones. Using this approach, greater than 99.99% of the isolated cells fail to express the stromal/osteoblastic markers CD106 (VCAM-1) and alkaline phosphatase, but demonstrate the macrophage lineage markers RANK, F4/80, c-Fms, and CD11b (Mac1) (Figure 1a) . Moreover, the population differentiates into functionally mature osteoclasts, when cultured with M-CSF and RANKL ( Figure 1 , b and c). In the absence of M-CSF, no viable cells remain within 3 days, and concomitant treatment with OPG, a decoy receptor for RANKL, abrogates osteoclast differentiation ( Figure 1, d and e ). As such, these cells are deemed to be a population of primary osteoclast precursors that is free of stromal/osteoblastic contamination. We then tested the osteoclastogenic potential of this pure population of cells under the influence of TNF-α alone. We find that a broad range of the cytokine, in the presence of M-CSF, fails to induce these cells to undergo osteoclast differentiation (Figure 2 ).
These observations stand in contrast to those of Kobayashi et al. (11) and Azuma et al. (12) , who propose that TNF-α treatment of bone marrow macrophages induces them to acquire the osteoclast phenotype. To address this discrepancy, we utilized their approach of 3 days of whole marrow culture prior to macrophage isolation. In this circumstance we, too, observed that TNF-α directly induces osteoclast formation. However, when saturating levels of OPG are added at the initiation of whole bone marrow culture, rather than concomitant with addition of TNF-α after the initial 3-day culture period, subsequent TNF-α-stimulated osteoclastogenesis is completely abrogated (Figure 3 ). Similarly, when we alter our method of cell preparation to allow an overnight incubation of whole marrow cells before immunoselection, TNF-α is capable of inducing the formation of TRAP-positive osteoclast-like cells, a phenomenon that is obviated by adding saturating levels of OPG to the overnight culture. Given the capacity of OPG to block RANKL-induced osteoclastogenesis, these observations indicate that TNF-α can induce osteoclast differentiation only in precursors simultaneously or previously exposed to RANKL.
Figure 1
Purified myeloid cells express macrophage lineage cell surface markers and differentiate into osteoclasts when cultured with RANKL. (a) Marrow cells were isolated by immunoselection and analyzed by flow cytometry. All purified cells are negative for CD106, a stromal cell marker, and positive for the macrophage lineage markers F4/80, cFms, and CD11b. Furthermore, the purified cells express RANK, a cellsurface receptor which is necessary for osteoclast differentiation. Cells were cultured with (b) 10 ng/ml M-CSF alone, or in combination with: (c) 100 ng/ml RANKL; (d) 500 ng/ml OPG; and (e) 100 ng/ml RANKL and 500 ng/ml OPG. Cells treated with RANKL differentiate into a confluent layer of multinucleated osteoclasts (panel c), a process completely inhibited by concomitant treatment with OPG (panel e).
Figure 2
Purified myeloid cells fail to differentiate into osteoclasts in response to TNF-α. Cells, as characterized in Figure 1 , were cultured with 10 ng/ml M-CSF plus (a) 1 ng/ml, (b) 2 ng/ml, (c) 5 ng/ml, (d) 10 ng/ml, (e) 20 ng/ml, (f) 40 ng/ml, (g) 80 ng/ml, and (h) 160 ng/ml TNF-α. Cells were stained for TRAP activity after 7 days. No multinucleated or TRAP-expressing cells are evident.
To further explore this issue, we exposed osteoclast precursors to a broad range of concentrations of both TNF-α and RANKL. Interestingly, in the presence of RANKL, TNF-α augments osteoclast differentiation in a dose-dependent manner (Figure 4 ). This potentiation of osteoclastogenesis is seen with all RANKL dosages beneath saturating levels.
We next asked if the synergy between TNF-α and RANKL is mirrored in the activation of two signaling pathways essential for osteoclastogenesis. Minimal doses of TNF-α or RANKL, alone, have little effect on SAPK/JNK activity (Figure 5a ), or nuclear translocation of NF-κB (Figure 5b) . The same minimal doses of TNF-α and RANKL administered together, however, markedly potentiate both events.
At the cellular level, RANKL at 1 ng/ml and TNF-α at 1 ng/ml fail to induce osteoclast formation when administered individually. In contrast, abundant TRAP-expressing multinucleated cells appear when the cells receive this dosage of TNF-α following exposure to a dosage of RANKL that is less than one percent of that necessary for osteoclastogenesis. Thus, TNF-α is capable of potentiating subosteoclastogenic levels of RANKL ( Figure 6, a-c) .
The phenomenon of TNF-α potentiation of RANKL-primed osteoclastogenesis is time-sensitive. TNF-α added concomitantly with the priming dose of RANKL, immediately upon precursor purification, fails to induce osteoclast formation. In contrast, TNF-α-induced osteoclast formation is maximal when the cytokine is added 2-4 days after RANKL priming (Figure 6d) . Outside of this temporal window, TNF-α appears to drive macrophage development along a nonosteoclastogenic pathway.
While TNF-α is known to augment RANKL expression by stromal and osteoblastic cells, our data suggest that TNF-α may also act directly on the osteoclast precursor in the presence of basal, nonstimulated levels of RANKL. To test this hypothesis, we established cocultures of marrow macrophages with stromal cells from mice with both the p55 and p75 TNF receptors (TNFR) deleted, or from their heterozygous littermates. In this system, stromal cells from TNFR-deficient animals are capable of expressing only basal, non-TNF-inducible levels of RANKL. As seen in Figure 7a , TNF-α strongly stimulates osteoclast formation in these cultures in the absence of exogenous RANKL, irrespective of the ability of stromal cells to respond to TNF-α. RT-PCR analysis (Figure 7b over basal levels, while the TNFR-replete stromal cells do so. Thus, TNF-α potentiates osteoclastogenesis in vitro by directly targeting osteoclast precursors exposed to permissive levels of RANKL. To determine if this process occurs in vivo, we took advantage of the Rosa transgenic mouse, in which β-galactosidase is constitutively expressed by all cell lineages. Stromal-and T cell-depleted marrow from Rosa mice was transplanted into irradiated TNFR-deficient and TNFR-heterozygous recipients. The resulting chimeric animals contain β-galactosidase-positive, TNF-responsive osteoclast precursors within a stromal environment that, in Rosa→TNFR-deficient animals, is not responsive to TNF-α. In contrast, TNF-α is fully able to upregulate stromal cell production of RANKL in Rosa→TNFR-heterozygous animals. To eliminate the contribution of T lymphocyte-expressed RANKL, all chimeric mice were completely depleted of T cells in vivo. Analysis of engrafted marrow by flow cytometry confirms the absence of both T lymphocytes and β-galactosidase-positive (donor) stromal cells (data not shown). The chimeric animals were administered TNF-α or vehicle, and osteoclast commitment was determined both ex vivo and in vivo. All generated osteoclasts are of Rosa donor origin, as demonstrated by double positivity for TRAP and β-galactosidase (Figure 8 ). TNF-α, when administered in vivo, induces a marked increase in osteoclastogenesis ex vivo ( Figure  9a ) and in vivo (Figure 9b) , within TNFR-deficient as well as TNFR-heterozygous animals. Thus, while TNF-α alone does not stimulate osteoclastogenesis, it does so by directly targeting osteoclast precursors in the presence of a stromal environment that expresses permissive levels of RANKL.
Discussion
TNF-α was originally described as an endotoxininduced, macrophage-derived factor that promotes hemorrhagic necrosis of solid tumors and the cachexia of chronic infections (16) . During the past decade, TNF-α has also been implicated in a range of inflammatory, infectious, and malignant disorders. At the cellular level, TNF-α modulates a broad spectrum of responses including inflammation, immunoregulation, proliferation, apoptosis, and antiviral activity (17) . In bone, the cytokine inhibits extracellular matrix dep-
Figure 6
TNF-α potentiates subosteoclastogenic levels of RANKL in a time-dependent manner. Purified myeloid cells were treated with 10 ng/ml M-CSF plus (a) 1 ng/ml RANKL; (b) 1 ng/ml TNF-α; and (c) 1 ng/ml RANKL plus 1 ng/ml TNF-α. Cells were stained for TRAP activity 7 days after cytokine addition. No osteoclast formation is seen with the minimal dosage of RANKL or TNF-α alone, while exuberant osteoclastogenesis is evident when the cytokines act in concert. (d) Purified myeloid cells were treated with 1 ng/ml RANKL plus 10 ng/ml M-CSF. On successive days, 500 pg/ml TNF-α was added. Cells were stained for TRAP activity 5 days after addition of TNF-α. TNF-α-induced osteoclastogenesis maximizes when the cytokine is added 2-4 days following RANKL exposure.
osition (18) , stimulates matrix metalloprotease synthesis (18) , and enhances production of osteoclastogenic cytokines such as M-CSF and RANKL (19, 20) . Importantly, TNF-α promotes bone resorption both in vitro and in vivo by enhancing the proliferation and differentiation of osteoclast precursors (21) (22) (23) (24) .
The present study was prompted by the controversy surrounding the target cell of TNF-α in the osteoclastogenic process. While some studies report that TNF-α can stimulate osteoclast formation independent of RANKL (11, 12) , the failure of RANK-deficient mice to mount a significant osteoclastic response in the presence of experimental inflammatory arthritis speaks against this position, as does the observation that OPG can abrogate bone erosion in this model (25) . In fact, administration of TNF-α to RANK-deficient animals fails to induce osteoclastogenesis and ameliorate serum hypocalcemia, demonstrating that TNF-α does not substitute for RANKL in physiological conditions (26) .
Our first exercise was to examine the proposition that TNF-α-stimulated macrophages can differentiate into osteoclasts in the absence of RANKL. Confirmation of this posture required a pure population of osteoclast precursors not previously activated by RANKL. To this end, we not only selected macrophages by immunopurification, but also isolated them from the marrow space in the presence of OPG, a soluble decoy receptor that competes with RANK for RANKL (27) . We found no amount of TNF-α capable of prompting osteoclast development in these purified, RANKL-deprived primary macrophages.
While these data suggested that TNF-α alone cannot directly induce marrow macrophages to assume the osteoclast phenotype, we substantiated the results of others who have induced osteoclast differentiation with TNF-α alone (11, 12) . In contrast to our approach, their method involves maintenance of whole marrow in culture for up to 5 days prior to macrophage isolation. We reasoned that RANKL, present in these marrow cultures on the surface of stromal and osteoblastic cells, may prime macrophages to subsequently undergo osteoclast differentiation when exposed only to TNF-α. This hypothesis was confirmed by a series of experiments. First, we documented that macrophages isolated from marrow cultures containing OPG are incapable of TNF-α-induced osteoclastogenesis. Next, we noted that while purified macrophages fail to form osteoclasts in response to TNF-α, overnight culture of the same marrow prior to immunopurification enables them to do so. Finally, we documented that immunopurified macrophages, recovered from bone in the presence of OPG, directly respond to TNF-α following pre-exposure to low levels of RANKL.
Our findings indicate that a profound synergy exists between RANKL and TNF-α in the osteoclastogenic process. It was therefore of interest to determine if this synergy is reflected in signaling pathways essential for osteoclast differentiation. Two critical distal events in osteoclastogenesis are activation of NF-κB and SAPK/JNK. Mice with the p50 and p52 NF-κB subunits deleted fail to generate osteoclasts and develop osteopetrosis (28) . Likewise, mice deficient in c-Fos, an integral component of the AP-1 heterodimer activated by the SAPK/JNK pathway, are also osteopetrotic (29) . While low levels of either RANKL or TNF-α individually activate both NF-κB and SAPK/JNK, concomitant presence of the cytokines markedly enhances this activation, an observation that mirrors the cooperative impact of these agents on osteoclastogenesis.
To determine if TNF-α is capable of directly inducing macrophages to differentiate into osteoclasts by potentiating basal, non-TNF-α-inducible levels of RANKL, we employed an osteoclastogenic coculture system containing only marrow macrophages and stromal cells. This model provides an opportunity to observe osteoclast formation by TNF-responsive macrophages cultured with TNF-nonresponsive stromal cells, which can express only basal, nonstimulated levels of RANKL.
The fact that abundant osteoclasts appear in these cultures when exposed to TNF-α in the absence of exogenous RANKL substantiates that, at least in vitro, the cytokine induces osteoclastogenesis by targeting macrophages exposed to permissive levels of RANKL.
The fact that cells derived from Rosa transgenic mice are identified by β-galactosidase expression afforded the opportunity to confirm these observations both ex vivo and in vivo. Marrow from Rosa mice was transplanted into marrowablated recipients lacking both TNF receptors. The stromal cells in these chimeric animals are unable to recognize TNF-α, whereas the osteoclast precursors are capable of doing so. Mirroring the in vitro situation, the numbers of committed osteoclast precursors, as determined by ex vivo culture, and the numbers of fully differentiated osteoclasts in vivo, evident in histological sections of bone, are markedly increased by systemic administration of TNF-α in these animals,
Figure 9
TNF-α directly induces myeloid cells to differentiate into committed osteoclast precursors and mature osteoclasts in vivo, irrespective of the capacity of stromal cells to respond to the cytokine. Chimeric animals were created by bone marrow transplantation in which β-galactosidase-positive osteoclast precursors exist within the stromal environments of TNFR-deficient animals or their TNFR-heterozygous littermates. Following engraftment, the animals were depleted of T cells and administered 150 µg/kg/day TNF-α or vehicle for 5 days by subcutaneous injection. (a) Equal numbers of whole marrow cells were then cultured ex vivo for 7 days in osteoclastogenic conditions, and stained for TRAP and β-galactosidase activity in combination. (b) Decalcified sections of long bones, representative of data from six chimeric animals, were stained for TRAP activity (red reaction product) (left panels, ×100; right panels, ×250).
Figure 8
Rosa macrophages differentiate into β-galactosidase-positive, committed osteoclast precursors when transplanted into TNFR-heterozygous mice. Bone marrow transplantation was employed to create chimeric animals in which β-galactosidase-positive osteoclast precursors exist within the stromal environment of TNFR-heterozygous mice. Following engraftment, marrow cells were cultured for 7 days in osteoclastogenic conditions. Generated osteoclasts were stained for TRAP and β-galactosidase (β-gal) activity, alone and in combination. TRAP histochemical staining yields a purple reaction product, while β-galactosidase immunohistochemical staining yields a brown reaction product. Double staining for both TRAP and β-galactosidase yields combined reaction products.
despite the inability of the stromal environment to respond to the cytokine by upregulation of RANKL.
Clearly, the osteoclastogenic relationship of TNF-α and RANKL is complex. Both agents, individually and in combination, greatly impact osteoclast ontogeny. The current paradigm for the role of TNF-α in inflammatory osteolysis holds that the cytokine acts on the stromal environment to enhance expression of osteoclastogenic factors, thereby increasing the magnitude of osteoclast differentiation. Our data suggest that TNF-α also acts directly on the osteoclast precursor to potentiate RANKL-induced osteoclastogenesis, even in the absence of elevated levels of RANKL. In states of inflammation, TNF-α concomitantly employs both pathways to enhance acquisition of the osteoclast phenotype by macrophages. Perhaps the most compelling message of this study is the fact that TNF-α stimulates exuberant osteoclastogenesis in vivo, even if basal levels of RANKL are not upregulated. Less than one percent of RANKL required for osteoclast differentiation in vitro is sufficient to synergize with TNF-α to prompt robust osteoclast development. Thus, in states of bone loss associated with excess TNF-α, pharmacological blockade of RANKL will be successful only if this molecule is virtually eliminated. TNF-α may therefore be a more convenient clinical target than RANKL in arresting inflammatory osteolysis.
